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E-mail address: jzhao@pku.edu.cn (J. Zhao).Hemidiscoidal phycobilisomes (PBS), the major light harvesting complexes of photosynthesis in
most cyanobacteria, are composed of rods and cores, which are linked by the linker CpcG1 (LRC).
Another type of PBS, CpcG2-PBS exits and their function in energy transfer has not been fully under-
stood. We measured growth rates, absorption cross-sections and quantum efﬁciency of photosys-
tem I in mutant strains of Synechococcus PCC sp. 7002 lacking the linker CpcG2. Our results
showed that energy transfer from CpcG2-PBS to PSI in the absence of state transitions could be sig-
niﬁcant under PBS-absorbing light and energy transfer from two types of PBS is independent to each
other. Evidence also suggested that CpcG2 anchors the CpcG2-PBS to thylakoid membranes.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Cyanobacteria are a group of prokaryotes that perform oxygenic
photosynthesis. The major light harvesting antennae for photosyn-
thetic electron transfer in cyanobacteria are phycobilisomes (PBS)
[1–5]. In most PBS the linker protein LRC encoded by cpcG1 play
an important role in attaching peripheral rods to PBS core. Light
energy absorbed by CpcG1-PBS can be transferred to either PSII
or PSI [6] and the process is regulated by a mechanism called state
transitions [7,8]. It has been shown that energy transfer from
CpcG1-PBS to PSI requires ApcD, a terminal emitter of PBS core
[9,10]. The cpcG2 gene product CpcG2 [11,12] is also a linker pro-
tein and it contains potential hydrophobic domain at its C-termi-
nus. While evidence suggests that the CpcG2-PBS can transfer
energy to PSI [12], its relative contribution and efﬁciency are not
known. Neither is known if CpcG1-PBS is involved in this process.chemical Societies. Published by E
tase; GFP, green ﬂuorescence
eactions; PS, photosystem
of Protein and Plant Genetic
y, Beijing 100871, China. Fax:In this communication, we report the construction of cpcG2 of the
cyanobacterium Synechococcus sp. PCC 7002 (Synechococcus 7002)
under different genetic background and quantum efﬁciency of
energy transfer from CpcG2-PBS to PSI.
2. Materials and methods
2.1. Strains and growth conditions
The cyanobacterium Synechococcus 7002 was grown in A-plus
medium [13] supplemented with NaNO3 at 1 mg ml1. The growth
temperature was 28 C and growth light conditions were as
described in text. Cell density was measured by monitoring the
optical density at 730 nm. Escherichia coli strain DH5a was used
for all cloning purpose and it was grown in LB medium at 37 C.
2.2. Construction of cpcG2 mutants
Mutant lacking cpcG2 gene was constructed as follows. Total
DNA from Synechococcus 7002 was used as template for PCR to
obtain the fragments upstream and downstream of the cpcG2 gene.
The two fragments were cloned in the pBS vector and a cartridge of
EmR for erythromycin resistance was inserted between thelsevier B.V. All rights reserved.
Fig. 1. Growth measurement of the wild type (solid squares), cpcG2 (open
squares), apcD (solid triangles) and cpcG2/apcD (open triangles) under green
light. Growth was performed at 28 C and the cultures were bubbled with air
supplemented with 1% CO2. The light intensity was 18 lmol photons m2 s1. Each
point is an average of three independent measurements. For clarity, error bars are
not shown in the ﬁgure. Inset is a semi-log plot of the same data and the doubling
times for the wild type, cpcG2, apcD and cpcG2/apcD were 19 h, 19.2 h, 26.2 h
and 32.1 h, respectively.
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strain and the apcD mutant strain [10] to obtain the cpcG2 mutant
and apcD/cpcG2 double mutant, respectively. The mutants were
conﬁrmed by Southern hybridization.
To construct a gene encoding a fusion protein of GFP-CpcG2-C
under control of the cpcBA promoter, a fragment containing the
promoter region of cpcBA gene was ampliﬁed by PCR and cloned
into pET-3a to generate p3a-PBA; a gfp gene was ampliﬁed by PCR
using pAm505GFP [14] as template. The generated fragment was
cloned into p3a-PBAto generate p3a-PBA-GFP; the fragment encod-
ing the C-terminal hydrophobic domain of CpcG2 was ampliﬁed by
PCR and was cloned into p3aPBA-GFP to generate p3aPBA-
GFP-CpcG2-C. The fragment containing the cpcBA promoter and
the fusion gene was then cloned in the plasmid pAQE19 [15] and
transformed into Synechococcus 7002. All primers used for PCR
ampliﬁcation are described in Ref. [16].
2.3. Measurement of PSI antennae cross-sections
PSI antennae cross-sections were measured according to Dong
et al. [10] except that light intensity-dependent steady state photo-
oxidation of PSI instead of ﬂash-induced turnover of PSI was mea-
sured. Absorption spectra were measured for the same cell
suspensions, and the contributions from Chl and PC were deconvo-
luted using the following formulas:
AChl680 ¼ 1:03A680  0:10A630
APC630 ¼ 1:03A630  0:25A680
where AN is the total cell absorbance at wavelength N. A
Chl
N is the
absorbance due to Chl at wavelength N and APCN is the absorbance
due to PC at wavelength N. The relative absorption cross-section
(C) of PS I at 630 nm and 680 nm were separated into Chl and PC
components in the same way as the absorbance. The quantum efﬁ-
ciency (U) of energy transfer from PBS to PSI is calculated by the
following formula:
U ¼ PI  ðCPC630=CChl680Þ=ðAPC630=AChl680Þ
where PI is the proportion of photons absorbed by Chl associated
with PS I.
2.4. Other methods
Fluorescence emission spectra at 77 K were measured according
to Zhao et al. [17]. Thylakoidmembranes were isolated based on the
phase partitionmethod [18] whichwasmodiﬁed according Xu et al.
[19]. Detection of GFPwith immunoblottingwas performed accord-
ing Zhao et al. [20]. Chlorophyll that is associated with PSI was esti-
mated as follow. P700 content in isolated thylakoid membranes
was determined according to Hiyama and Ke [21], and the P700
coefﬁcient used was 70 mM1 cm1. Total chlorophyll moleculesTable 1
Chlorophyll content and quantum efﬁciency of energy transfer from PBS to PS I in strains
Strain % Chl in PSI CPC630/CChl680
WT 79 ± 5 0.86 ± 0.08
cpcG2 83 ± 6 0.79 ± 0.11
apcD 80 ± 3 0.31 ± 0.09
cpcG2/apcD 85 ± 5 0.24 ± 0.07
a The relative absorption cross-sections for PS I were calculated from the slopes of the
wavelengths: 630 nm and 680 nm and were deconvoluted into the phycobilin contribu
described by Dong et al. [10]. The absorbance (A) of cells at 630 nm and 680 nm were al
absorption cross-section ratio by the deconvoluted absorption ratio is a measure of the efﬁ
multiplied by the proportion factor of Chl associated with PS I.that were associated with PSI were estimated based on report that
each PSI contains 96 chlorophyll molecules [22].
3. Results and discussion
3.1. Energy transfer from CpcG2-PBS to PSI
To study the function of CpcG2 and its function in energy trans-
fer process, we constructed a cpcG2 mutant through interposon
mutagenesis and conﬁrmed that the mutant strain lacked cpcG2
by Southern hybridization (data not shown). Direct measurement
of chlorophyll content with isolated thylakoids showed that the
cpcG2 mutant had a lightly more chlorophylls that are associated
with PSI as compared to the wild type, (Table 1), which indicates
that a higher PSI/PSII ratio in the mutant, agreeing with previous
report [12].
In cyanobacteria, a high PSI/PSII is indicative that less energy is
transferred to PSI and the cells make more PSI in compensation.
Since we did not observe any growth phenotypes of the cpcG2
mutant under normal experimental conditions, we made a double
mutant lacking both cpcG2 and apcD, which is required for energy
transfer from CpcG1-PBS to PSI [10,23,24] and their growth rates
were measured under different light conditions. When the cells
were grown under a weak green light, which predominately ab-
sorbed by PBS, the cpcG2 mutant strain had a similar growth rate
to that of thewild typewith a doubling timeof 19 h (Fig. 1). The apcD
mutant strain, which could not perform state transitions, had a dou-
bling time of 26 h. The apcD/cpcG2 mutant had a doubling time of
32 h. When grown under a weak a chlorophyll-absorbing red light,of Synechococcus sp. PCC 7002.a
APC630/AChl680 Quantum efﬁciency
0.85 0.80
0.78 0.84
0.79 0.30
0.77 0.26
semi-logarithmic plots of P700 signal as a function of actinic light intensity at two
tion (CPC630) and the Chl contribution (CChl680) using the simultaneous equations
so deconvoluted in the same way. The value obtained by dividing the deconvoluted
ciency of energy transfer from PBS to PSI in reference to that from Chl. The ratio was
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These results suggest that the lack of CpcG2-PBS led to a less efﬁ-
cient use of the light absorbed by the PBS when ApcD is absent.
Room temperature ﬂuorescence yield measurement showed
that kinetics of state 2 to state 1 transition in cpcG2 mutant was
similar to that of the wild type while no state transitions were
detected in mutants lacking apcD and apcD/cpcG2 (Fig. 2A). 77 K
ﬂuorescence emission spectra (Fig. 2B) showed that while state
transitions of cpcG2 mutant were comparable to that of the wild
type, their 715 nm/695 nm ratios were higher than that of the wild
type when excited by a light at 440 nm, supporting the results of
direct chlorophyll measurement (Table 1) that the mutant has a
higher PSI/PSII ratio. A higher emission at 650 nm was observedFig. 2. (A) State transitions studied with room temperature ﬂuorescence yields of
Synechococcus 7002 strains. Fluorescence yields were measured with a PAM
ﬂuorometer in dark-adapted cells of the wild type (a) and apcD (b), cpcG2 (c)
and cpcG2/apcD (d). Cells were ﬁrst incubated in the dark for 5 min, and then a
blue light (50 lmol photons m2 s1) was switched on as indicated in the ﬁgures.
The time duration between the saturating white light ﬂashes at 3000 lmol
photons m2 s1 was 30 s. (B) 77 K ﬂuorescence emission spectra of the wild type
(a, b) and the cpcG2 mutant (c, d). Cells were ﬁrst adapted to either state 1 (solid
lines) or state 2 (dashed lines) condition before frozen in liquid nitrogen. Emission
spectra were collected with excitation light of either 590 nm (a, c) or 440 nm (b, d).in cpcG2 mutant when PBS-absorbing light was used as excitation
light (Fig. 2B) and it is our speculation that some of the CpcG2-PBS
rods are released from the membranes (see below) and unable to
deliver energy to PSI due to the lack of CpcG2, leading to a higher
emission by phycocyanin. The emission spectra of apcD/cpcG2 dou-
ble mutant were similar to that of cpcG2 mutant except that no
state transitions were observed (not shown).
The ability to transfer PBS-absorbed energy to PSI was com-
pared between apcD mutant and apcD/cpcG2 mutant by measure-
ment of intensity-dependent oxidation of P700 by a light at
630 nm, which is preferentially absorbed by PBS (Fig. 3). The
results indicated that the apcD mutant is approximately 10% more
efﬁcient in energy transfer to PSI than the apcD/cpcG2 double mu-
tant at this wavelength. The cross-sections of PSI antennae and
quantum efﬁciency of PSI by PBS light were measured and are
shown in Table 1. Compared to that of the wild type, the relative
cross-section of PSI antennae for PBS-absorbing light in cpcG2 mu-
tant was reduced and its quantum efﬁciency increased slightly.
Compared to that of the apcD mutant, the relative cross-section
of PSI antennae by PBS in cpcG2/apcD mutant was reduced by
23% and its quantum efﬁciency decreased by 13%, which is in good
correlation with the growth rate measurements shown in Fig. 1.
Our results clearly show that the energy transfer from CpcG2-PBS
to PSI is signiﬁcant, especially under a condition when CpcG1-PBS
is unable to deliver energy to PSI. The results also show that energy
transfer from CpcG2-PBS to PSI does not require a participation of
ApcD, suggesting that the processes of energy transfer by the two
types of PBS are independent to each other. This suggestion is sup-
ported by the fact that a small portion of energy transfer from PBS
to PSI was detected even in the absence of ApcD [10] and by the
fact that the ApcD-dependent state transitions could largely com-
pensate the effect of lacking CpcG2 under our growth conditions.
3.2. The GFP-CpcG2-C fusion protein is located on thylakoid
membranes
The CpcG1 and CpcG2 are homologous in their N-terminal do-
mains while their C-terminal domains are quite different. To inves-
tigate the role of the C-terminal hydrophobic domain of the CpcG2,
we constructed a fusion gene with a gfp encoding green ﬂuores-
cence protein (GFP) and a portion of the cpcG2 encoding theFig. 3. Semi-logarithmic plots of P700 photooxidation (DA)as a function of light
intensity at 630 nm. The cells of apcD mutant (circles) and apcD/cpcG2 double
mutant (squares) of Synechococcus sp. PCC 7002 were dark-adapted before the
actinic light was turned on. Light intensity was adjusted by combinations of neutral
density ﬁlters. Line ﬁts were performed with linear regression and the slopes for
apcD mutant and apcD/cpcG2 double mutant were 0.610 and 0.545, respectively.
Experiments were performed at room temperature.
Fig. 4. Localization of GFP and GFP-CpcG2C by immunoblotting. Proteins were ﬁrst
separated by SDS–PAGE before electronically transferred to a membrane of
nitrocellulose. Lanes 1–3: total cellular proteins from the wild type, the wild type
expressing gfp and the wild type expressing gfp-cpcG2C. Lane 4 and 5, soluble
proteins and thylakoid membrane proteins isolated from the strain expressing gfp-
cpcG2C. GFP or GFP-CpcG2C was detected by immunoblotting with antibodies
against GFP raised in a rabbit. Molecular mass markers (in kDa) are shown on the
left.
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promoter region of cpcBA [3] and transformed into Synechococcus
7002. The thylakoid membranes were isolated and proteins in
supernatant and membranes were subjected to sodium-dodecyl-
sulfate polyacrylamide gel electrophoresis. Immunoblotting with
anti-GFP antibodies (Fig. 4) showed that the fusion protein GFP-
CpcG2-C was produced and located on the membranes. Although
a faint band could be observed in the supernatant after 6 M urea
treatment with immunoblotting, most of the GFP-CpcG2-C fusion
protein remained in the membrane fraction, strongly suggesting
that the C-terminal hydrophobic domain is able to anchor
CpcG2-PBS to the membranes.
At present, little is known about how CpcG2-PBS interact with
PSI since it does not contain a core-like structure. One possibility
is that CpcG2-PBS also have Ferredoxin–NADP+ oxidoreductase
(FNR) associated with it as the case of CpcG1-PBS [25]. Interaction
between FNR and PSI would facilitate energy transfer from PBS to
PSI and this process could be regulated through electron transfer or
by redox condition of the electron transfer chain. Further study is
needed to understand how energy is transferred from CpcG2-PBS
to PSI and how it is regulated.
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